Abstract
I. INTRODUCTION
In recent years, the digital consumer products are widely used in human life, e.g., Digital camera, cellular phone, mp3... Moreover, the internet and wireless communications have grown astronomically. The images captured by the digital camera and transmitted through the internet and wireless communication is one of the trends of consumer electronics. However, the bandwidth of the wireless channel is narrow and expensive, when errors occur, it is not economical and adequate to re-transmit the corrected data through this narrow bandwidth. Moreover, unreliable wireless channels may inject errors into the transmitted bitstream. Since wireless multimedia will have much wider application in the future, a system of high compression rate image codec with error resilience property has become necessary for image/video transmission. The new standard JPEG 2000 is a growing image coding standard under development by ISO/IEC Joint Photographic Experts Group (JPEG) [1] . JPEG 2000 is suitable to be applied to wireless image transmutation, since, JPEG 2000 delivers image with lower bit rate and takes account of error resilience. For the mobile applications, a report of ISO/IEC JTC 1/SC 29/WG 1 [4] recommends the above-mentioned encoding options.
Discrete wavelet transform (DWT), quantization, and EBCOT (Embedded Block Coding with Optimization Truncation of the embedded bitstream) algorithms [2] are important technologies used in JPEG 2000. DWT has higher performance and a finer scalability than DCT-based coding. EBCOT algorithm includes context model arithmetic coding and post-compression rate allocation. Those algorithms make JPEG 2000 have better error robustness than that of JPEG. However, there is still a drawback in JPEG 2000, that is, even one bit error will as a result of the fact that in loss of synchronization at the entropy decoder mainly because the DWT coefficient can be fully damaged. Then the reconstructed image will be severely influenced.
In order to solve this problem, the error resilience tools are developed for JPEG 2000 applications. The error resilient tools adopted by JPEG 2000 can be classified into two major types [3] , the entropy coding level, and the packet level. The entropy coding level contains code-blocks, termination of the arithmetic coder for each pass, reset of contexts, selective arithmetic coding bypass, and segmentation symbol. Packet with resynchronization marker is included in the packet level.
The error resilient tools have been presented in JPEG 2000 Verification Model (VM) [5] . Resynchronization tools cause resynchronization in the decoder when errors are detected in the bitstream. The error detection tools, such as segmentation symbols termination marker, enable the decoder to detect residual bit errors. After detecting errors, the decoder must be able to conceal the error with some concealment methods. However, the existing traditionally block-based methods [6, 7, 8] for JPEG/MPEG are not suitable for JPEG 2000. [1, 5] replace the missing wavelet coefficients by zero. However, the replacement may affect lots of significant non-zero coefficients; for example, some high frequency components will be lost. [10] conceals the lost bitplane by using the concept of cross-subband correlation. The method does not apply to low frequency subband (LL band and the lowest level). Therefore, when upper low frequency subband is lost, there is still significant image deterioration.
In this paper, we propose an efficient algorithm to recover damaged wavelet coefficients is presented, the interested direction sets (IDS) of in-subband are proposed to estimate the significant nodes position of damaged bitplane. The paper is organized as follows: Section II starts with the problem description of the error in transmission channel and JPEG 2000 error resilience. Section III presents the algorithm for JPEG 2000 error recovery. Extensive experimental results are included in section IV. Finally, a conclusion is drawn in section V.
II. THE PROBLEM DESCRIPTION
In JPEG 2000, the quality of the decoded erroneous image depends on which subbands are damaged. If the error occurs on higher subbands (high frequency) that contain the "edge" information, the decoded image will look blurred and contain ringing artifact. In fact, each subband block is coded by bitplane in JPEG 2000. However, the bit-error during transmission will result in the loss of some wavelet coefficients relevant to a code-block in the subband. Thus, all wavelet coefficients of the code block will be incorrect. Let us illustrate the problem in Fig.1 . Fig.1 (b) and Fig.1 (d) are the compressed DWT coefficients of the picture of "Lena" with bit rate=1.0. Since there is a bit error in the 2 nd bitplane in HL i-1 subband in Fig.1 (b) and another in the HL i subband is shown in Fig.1 (d) , the reconstructed image is shown in Fig.1 (a) and Fig.1 (c) respectively. Therefore, it is seen that a single bit error may affect the quality of the image. When the bit error occurs in the lower level subband, the image quality can be affected much more seriously. The received wavelet coefficients in the upper bitplanes are much more seriously affected than those in the lower bitplanes when errors exist.
When the errors are detected by the error detection mechanisms (ERTERM, RESTART and SEGMAK) [5] in JPEG 2000, the relevant coding pass is discarded. The error concealment should be triggered. Unfortunately, in JPEG 2000, no concealment is used. The simplest in VM [5] method is using zero to replace the missing bitplane data. In the case in Fig.1 If zero replaces the missing bitplane data, some significant data will be lost to IDWT. Therefore, it is necessary to recover the significant data on bitplane domain.
To solve this problem, we adopt the interested direction sets (IDS) of in-subband to estimate the significant nodes' positions to replace the missing bitplane data. We will present the algorithm in details below.
III. THE PROPOSED CONCEALMENT ALGORITHM
In the relative literature [9, 11] , there are many efficient wavelet coding techniques to detect significant nodes. [11] utilizes the interested direction patterns of in-subband to express the relationship among subbands. The relation among wavelet coefficients has two properties. First, the new significant nodes are situated in certain directions of the significant nodes already detected in the previous bitplanes and they are clustered. Next, the pattern formed by significant nodes at the neighborhood of father node is usually very similar to that formed in the current subband. Typically there are eight directions in directional of significance. But actually the directions of edges can be more than eight. In bitplane based wavelet image compression, the significant nodes are always clustered. According to the concept, we use the interested direction sets (IDS) of in-subband to determine the lost bitplane data. The direction sets (IDS) are shown in Fig.3 . For different subbands, the interested directions are different.
(I) In HL subbands, we only consider the directions v-1 to v-4, their 180-degree rotations, and reflections with respect to x and y axes, respectively.
(II) We consider h-1 to h-4 in LH subbands, their 180-degree rotations, and reflections with respect to x and y axes, respectively.
(III) In HH subbands, the interested direction set is d-1, we should consider both v-1 and h-1 directions and their 180-degree rotations.
The decoder system overview is shown in Fig.4 (a) . When the compressed image bitstream comes into the decoder, every pass will be decoded. Then errors can be detected by the error resilience mechanism in JPEG2000. If errors are detected, the relevant bitplane data will be discarded. The structure of DWT coefficients in the decoded bitstream is shown in Fig.4 (b) . For each lost bit in any bitplane, the error concealment algorithm is triggered. The proposed error concealment algorithm shows the recovering procedure of the lost bit as follows.
Step 1: Select the interested direction patterns: Check which subband of (I)~(III) the lost bit belongs to, and then consider the corresponding interested directions in Fig.3 . Step 2: Determine the replacement of the lost bit: There are two cases to be considered.
Case 1: In the upper bitplane, the same location of the lost bit is "0". If its interested direction sets (IDS) are satisfied, the lost bit is set to "1". Otherwise, check the interested direction pattern with concealed bits in the current bitplane. If it is satisfied, then the lost bit is set to "1"; if not, it is set to "0".
Case 2: In the upper bitplane, the same location of the lost bit is "1". We only need to check the interested direction pattern with concealed bits in the current bitplane. If it is satisfied, then the lost bit is set to "1", if not, it is set to "0" The above is summarized as the flowchart of Fig.4 (c) . After the two steps above, the lost bitplane data are recovered. Then the recovered data are collected for the coefficients of IDWT and for reconstructing the image.
I. SIMULATION RESULTS
In this section, we illustrate the effectiveness of the proposed algorithm. The algorithm is tested with several pictures characterized by different bit rates. The simulation includes the following pictures: "Lena," "Baboon," "Jet," "Barbara," "Pepper" and "Goldhill" with 256×256 pixels. During the experiments, three decomposition levels and 5/3 filter are used. The simulation tests are based on JPEG 2000 Verification Model VM7.2, including with a single layer and a single tile-part compression. In the coded bitstream, the main header, the tile-part header and the packet data (headers and compressed data) can be found. We get full protection of the main header and the tile-part header. Each coded bitstream has error resilient properties, such as a resynchronization marker for each subband, a segmentation marker for each bitplane, and termination at each coding pass. Then the channel with burst error of BER 10e-3 transmits the bitstream. When the error occurs, DWT coefficients below the error bitplane will be affected. In decoding with error detection mechanism, the errors can be detected. In the experiment, the errors occur on the 2 nd bitplane of the second decomposition level HL 2 and HL 3 subbands, respectively. The relevant bitplane data will be discarded until the resynchronization marker appears in the next subband. Then the error concealment mechanism is triggered. In the simulation, we compare three different methods:
(A) Zero replacements of the missing wavelet coefficients.
(B) The error concealment algorithm in [10] .
(C) The proposed error concealment algorithm.
The PSNR values in the following figures and table are defined for the entire reconstructed image, since; the entire reconstructed image PSNR values are the important indicator of image quality. In Table. 1 the comparison of PSNR for all test images among three different methods is shown. It is noted that HL 3 is the lowest subband. Method (B) must have correct and the lowest subbands information since it utilizes cross-subband correlation. If there is an error in the lowest subband, method (B) cannot be adopted. Therefore we use symbol "---" to denote that there is no results. It is obvious that the proposed method can not only be used in the case of errors occurring in the lowest subband, but also has an improvement over method (A) by 1.5~3 dB. Fig.5 (a) shows the results of the test images with low bit rate (bit rate=0.5bpp) in HL 3 subband. The proposed algorithm has a 0.5~3 dB improvement over the method (A). It is seen that our proposed algorithm is very suitable to the transmission of low bit rate images. Fig.5 (b) shows the objective comparison for "Lena" image with various bit rates in HL 3 subband. Our method is superior to the zero replacement method (A) in various bit rates.
It should be emphasized that the proposed algorithm can be applied to any subband. Fig.6 (a) and (b) are the results in HL 2 subband. Since method (B) uses the information of crosssubband and in-subband correlation, our method uses only insubband interested direction sets (IDS). The information in our method is less than that in method (B), but the PSNR results of our method are close to those of [10] . We can summarize that the proposed method can be used in any subband, especially in the lowest subband.
The experimental results demonstrate that the proposed algorithm improves performance significantly in terms of subjective measurements compared with other methods as shown in Fig.7 . Fig.7 (d) is the reconstructed image by our proposed algorithm, which has at least 2 dB improvement over the other two methods in Fig.7 (b) and Fig.7 (c) . It also illustrates that Fig.7 (d) has much smoother edges than the other two figures in "mirror" and Lena's "shoulder" and "face", etc. The overall performance show that the proposed algorithm is much more efficient and robust for recovering the lost data in JPEG 2000 bitstream information.
II. CONCLUSION
In this paper, we have proposed a new technique to improve the error resilience ability for future digital consumer products using JPEG 2000 as image transmission. The proposed approach utilizes interested direction sets of insubband and undamaged bitplane information instead of replacing the missing wavelet coefficients by zeros to recover damaged wavelet coefficients so that the recovered wavelet coefficients will be much similar with the noise free data. Furthermore, the proposed algorithm can be used in any subband, especially in the lowest subband. The experiments show that we have the objective results with at least 1.5~3 dB improvement over the methods without error resilient mechanism. And the subjective result can achieve much smoother edges on the reconstructed image. By using the proposed algorithm, more error robust image transmission using JPEG 2000 can be achieved. 
